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I. INTRODU CTION

One of several  sources  of bal l is t ic  reent ry-vehic le  dispersion occurs

dur ing  separat ion of the r e e n t r y  vehicle from the boost vehicle , which r e su l t s

in an angular misalignment  between the vehicle axis of symmetry  and the

velocity vector at entry ( R ef .  1). This ini tial angle of attack causes  l i f t  as

the vehicle t raverses  the atmosphere and can resu l t  in di spersion from lift

r ionaveraging.  The dispersion depends on the manner in which the lift vector

and its rate of rota tion in space (precess ion ra te )  are coup led dur ing the init ial

r e e n t r y  motion (Re f .  2) .  It has been shown that there are two precess ion

modes that comp rise the familiar epicyclic motion of an axially symmetric

miss i le  in untr immed fli ght (Ref .  3). Limiting cases of the two precess ion

modes correspond with specific dep loyment conditions during boost-vehicle

separation . The negat ive precession mode , which resul ts  from an initial

angle of attack in the absence of exoatmospheric coning motion, results in

si gnif icant ly g rea te r  dispersion than the other limiting case of positive

pr ecession , in which the exoatmospheric pr ecession cone is symmetric about
the velocity vector. A simple closed-form solution obtained for the dispersion

velocity for the negative precession case reveals the first-orde r influence of
var ious  pa r ame te r s  on the dispersion. The dispersion is relatively insensitive

to most vehicle aerodynamic proper t ies, with the exception of static marg in ,

and is independent of vehicle mass properties except for the radius of gyration

in roll. The dispersion also varies directly with the roll rate , in cont ras t  to

lift  nonaveraging dispersion from body-fixed asymmetries, which varies
inversely with roll rate. Also signif icant  is the observation tha t the t r a j ec to ry

def lec t ion  occurs  in the f i r s t  cycle of l i f t  vector  precession about the velocity

vector  and lies in a plane that leads the p lane of the initial angular misalignment

by approximately 90 deg. If the magnitude and direction of the misalignment

angle  is known , thi s dispersion source can be part ia l ly compensated for  in the

ta rge t ing  model.

. - -



II. ANALYSIS

Cross- range  dispersion of a spinning missile can be described by the
relation (Ref.  2).

V(t)  = V(0) - -i~i;if 
~ L(8) exp(iI4’ ) dt ( 1)

where V(t) is the missile transverse velocity in the cross plane , L(t) is the
lift force , which is dependent on the angle of attack 8, and 4’ is  the preces-
sion angle of the lift vector in the cross plane. For a symmetric missile
with constant roll rate , the angles 8 and 4i are described approximately by
the moment equations of motion (Ref. 3)

2 M M•
+ ~~~ sin e - ~ sin e cos ~ = 

(8) 
+ —

~
-

~~
-. 

~~ (2)

M
sin e) + 84’ cos e - p.pÔ = 4’ sin e (3)

p ç s + 4 i  cos 8 (4)

where M(8) is the static pitch moment, and MO and M9 are rate damping
moments. We consider f i rs t  the case of a static moment only, and assume
for M( 8) the form

M( 8) 2
I = - w  sln 8  (5)

*Lateral velocities are small enough tha t the pitch angle 8 in the classical
Euler angle system is , for practical purposes , the total angle of attack.

-9- rf!~~T T  7
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where w is the vehicle undamped natural pi tch frequency.  In absence of a
yaw damping moment M~~, Eq. (3 )  can be in tegrated to yield

. 2
4’ sin 8 + ~p cos 8 = const.  (6)

Equation (6) is an expression of cons tancy of angular momentum about
the veloci ty vector  because there is no moment component in thi s direction in
the classical Euler angle coordinates. For a rolling reentry vehicle with
initial angular misalignment 8~~, the constant in Eq. (6) is either ~.ip/ cos  80
or p.p cos 8 for  the limiting cases of post ivie 

~~~~~ 
or negative (4 ’ ) preces-

sion , respectively, and Eq. ( 6) can be written

- 
sin 28 = ~p [(cos 8 ) ~~ - cos 8J (7)

where the upper sign in the exponent corre sponds to positive precession.
The two limiting cases of entry angular motion as 8 -..8~ in Eq. (7) are shown
in Figs. 1(c) and 1(d) for the positive and negativ e exponent , respectively.
Posi tiv e precession about the velocity vector (clockwise looking forward , in

the same direction as the roll rate) is initially at the exoatmospheric coning

ra te 
~~~ 

= i~ip/cos 8 .  Negative precession (counte r clockwise) is initially
zero an~ resu lts from the gyroscop ic effect  of the aerod ynami c stati c moment
act ing on the spinning vehicle. The quasi-steady approximation B = 8 = 0 in
Eq. ( 2) is a good approximation to the initial ang le-of-at tack convergenc e of
the circular coning motions , which , with Eq. ( 5), yields

p
- 

= cos
r

8 (1 ± + ~ cos 8) (8)

where p = p~.p/2 and ~ = w 2 /p~~. If we subs ti tute 
~
‘ + - 

f r o m Eq. ( 8) in Eq. (7) ,
we ob tain the re lation

- 10-



Fig. 1. Possible Exoatmospher ic Motion s. (a) Velocity vector out side
exocone : (b) Velocity vector inside exocone; (c) Pointi ng
error with zero lateral rate ; (d) Symmetric coning about
velocity vector.
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2 cos 5 (cos 5 )  = i + cos~~e ± 4i + ~ cos B sin 2
8 (9)

w h i c h  de s c r i b e s  the quas i - s tead y ang l e -o f - a t t a ck  convergence as a func t ion

of ~~~.‘- s t a t i c moment .

With  the small  ang le approximations sin B 8,  cos 9 1 - 8 2 /2 ,

E qs .  (8) and (9 )  r e d u c e  to the simple expressions for ang l e-o f-a t t a c k  conver-

g . - n c t -  and p recess ion  r a t e , r e spec t ive ly, of c i rcular  coning motion in absence

of damp ing ( R e f .  3)

(1 ~~~)~~
1/4 (10)

~~~+ , - ~ r~ ’ ~~~~~~~~~~ ( 1 1 )

Equations (10) and (11) are compared with (8) and (9) in Fig. 2 and are

found  to he good approximat ions, even fo r  v e r y  large angles of a t tack . With

these  approximations , we can express  the net  t r a n s v e r s e  velocity f r o m  Eq. ( 1)

in t e rms of as the independent  var iable  with the u se  of the exponential

atmosphere approximation

p (z )  = p exp(z/H)  (12)

wh~~re z is measured downward from some initial reference altitude , where

t he  d en s i t y  is p .  and H is a constant  scale heig ht.  Assuming  that the pitch

f r e q u e n c y  var ies  onl y with dens ity  over the alti tude range of in te rest , and

a s s u m i n g  a cons tan t  f l i g ht  path angle , we obtain f rom the def in i t ion  of ~

d~~~~~ u sin ’y dt (13 )

-12-
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1. . 5.0 1 . 2 . 50.0 100~

Fig. 2. Comparison of Small-Angle Approx imations for 9 and ~
with Exact , Large-Angle Value. for 9~ = 60 Deg
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The l if t  fo rce  per unit  mass L (B) / m  in Eq. ( 1)  can also be wri t ten in

terms of ~ according to

C
L qSB

~~ ~~ p~~18 (14)

where I = I/rrLx is a characteristic length. Substitution of Eqs. (10), (13),

and (14) in Eq. ( 1 )  yields , for the transverse velocity caused by initial angular
misa l ignment

iI Hp2B f ~ 1/4V(~~) = - u ~~~ 
(1 + ~~~ exp[ii~4 ’(~ )}d~ (15)

where  V(0)  = 0 , and A4i (~~) is obtained on in t eg ra t ing  4a
~ 

f rom Eq. ( 1 1 )  with
the relat ion Eq. (13 ) .  It is expedient  to make a f u r t h e r  change of var iable

def ined  by

x = (16)

whi ch yields , for V(x)

2
2il Hp 8 x

V(x) = - u 
r o f  ‘Tx exp[i&P(x)]dx (17)

The precess ion  rat e , Eq. ( 1 1 ) ,  expressed as a derivative with respect
to the independent  variable x with the use of Eqs. (13)  and (16)  can be wr i t ten

d4’ 2Hp
_____ — — 

r / X 18)dx ~~~u s T n~~~~x~~~1

-14-



The negative precession rate can be integrated between the limits

I to x to yie ld

A 4 ’ ( x )  = -K[InZ - I + x - In tl - x)] (19)

and the positive precession rate (because of the singulari ty at x = 1) can be

integrated between the limits I + € to x to yield *

= 4’~~(x) - 4’~~( 1 + c)  = K[x - I - I n(x - 1) - € - In c]  (20)

where

2Hp
(21)u sin y

The complex transverse velocity , which determines the magnitude and
direction of the t ra jectory deflection, is determined from the average value

of the integral  in Eq. (17) wi th appropriate in tegra t ion limits depending on the

precession mode . The integral  is a function only of the constant 1< in the

precession ang le , Eq. (19) or (20) ,  in addition to the independent variable x .

As shown in Appendix A , the nondimensional integral

= - iKf f~~ exp[i.~ 4’(x)Jdx (22)

is only weakly dependent on K over a wide - ange of K of p ractical interest .
The real and imaginary components of .~~~ obtained numerically,  for various

values of K with both positive and negative precession modes are shown in

*Equatlon ( 17) is integrated between the same limits for the positive preces-
sion ang le.

-15-



Figs. 3 and 4. The negative precession case results in appreciably greater
dispersion, and the integral defined by Eq. (22) with the negative precession
angle , Eq. ( 19), has an essentially constant average value .~~~ = - 2 .0 over a
wide range of K. If we substitute thi s valu e for Eq. (22) in Eq. (17), with the

definition of K , Eq. ( 2 1) ,  the net transverse velocity for negative precession
is described by the simple expression

I~pe k2pG
V = - 21

~~r
8o = - mx = - x (23)

et st

The latter form of Eq. (23) indicates tha t , to the f i rs t  order , the
trajectory deflection is a function only of the initial angle of attack, roll rate ,

radius of gyration in roll , and vehicle static margin. The net transverse

velocity increment is in the negative real direction, which leads by 90 deg the

plane of the initial ang le of attack for the zero coning motion entry condition
that results in negative precession . The trajectory deflection is directly

proportional to roll rate In Eq. (23), in contrast to roll-trim dispersion of a

spinning missile, in which the dispersion is inversely proportional to roll
rate .

The simple result , Eq. (23),  ii compared in Fig. S with an exact
solution for the real component v of dispersion velocity during negative pre-

cession , obtained from a numerical integration of the equations of motion ,
Eq.. (2) through (3) ,  for the vehicle and tr ajectory parameters listed below .

h = 300 kIt I = 1. 15 slug-ft 2

u: = 23 kI t /sec I = 15 slug-ft2

~~= 3 0 deg xst O . Z f t

m = 8. 703 slugs CA = 0. 1

d = 1 .5 ft  CN = 1.9 
-

S 1. 767 ft 2 CN($) = C
NO 

sin e
p = 2 r p s  g

o = Z O deg

-16-



k — Q 0 4 — 0 5
AVIRØG9 - 049

AVI 4AGI .~~ AVlRAL~I O

‘ o~ 
-

- . ITI1I~’ ~°I iTT ~1III

Fig. 3. Real and Imaginary Component . of the Integral J with
Positive Pre cession
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AV4 RAGf -~~J~ i

A~!IIAI~ - - 4 - ~ ~

AVS4AO,4 — 49 -
AVII4.AL~

~f\f\f~ ~ IJ~ \ H /

Fi g. 4. Real and Imaginary Components of the Integral .~~~

with Negative Precession
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An exact solution for the imaginary velocity component w is shown in
Fig. 6. A standard atmosphere density distribution was utilized in the
nu merical eva lua tion , which, in the altitude range of 22 0 to 300 kf t , where the
t raj ec tory de fl ec tion occurs , is r ep resented by an exponental sca le height of
approximately H~~ 20 kft .  Thi s gives a value of 1.98 for K. With the pre-
ceding vehicle and trajectory parame ters , the transverse velocity f rom

Eq. ( 23) is -2 .90 f t / s ec , whi ch compares with an average value of -2.60 f t/
sec for the velocity component v in Fig. 5. The small discrepancy is
attributed to the small angle approximations used in the derivation of Eq. ( 23) .
We can accoun t for larger angles of at tack by including in the integran d of
Eq. (22) the factor CLB /C N8, which is a function of the angle of attack de-
fined approximately by

CL C
- cos - c-——

N8 N 8

If we express the angle of attack in terms of the independent variable
x using Eqs. (10) and (16),  then the correction to the integrand of Eq. (22)
for CLO /CNB is

CL C
= cos ( 8~ J~~) - (25)

N 8 N 8

Equation (22) was integrated with thi s coi-rection for K = 1.6 8 cor-
responding to the aforementioned vehicle and trajectory parameters , and the
average value was found to be - 1 . 72  compared with -2 .0  withou t the correc-
tion. Thi s gives a net transverse velocity of -2. 59 f t/ sec , whi ch compares
more favorabl y with the exact result of FIg . 5 . With the small angle approxi-
mation of unity for the cosine te rm in Eq. (23), a slightly better approximation
to the dispersion velocity , Eq. (23) , is given by

- 19-
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6

- 

AVERAGE = -2.60
V = -2.90, EQ(23 )

2 = -2.75,EQ(26 )

~__ 0
C.) .
5,

V

~ j : 

AVERAGE 
— _ _ _ _ _ _ _  _ _ _ _ _ _ _  ______

EXACT SOLUTION
- 6 —

- 8 —  —

In I
1U

0 4 8 12 16
TIME (sec)

Fi g. 5. Comparison of Approximation for  Dispersion Velocity with
Exact Value Obtained from Numerical Integration of Equations
of Motion
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8 I

I
AVERAGE ~ 0

C-)

-J

>

-

~ I
-8 I I

0 4 8 12 16
TIME Isec)

Fi g. 6. Exact Value of w-Component of Dispersion Velocity Obtained
from Numerical Integration of Equations of Motion
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— 
I p e  / C \

V = x 0 1 ~~ 
A 1 (2 6)

- mx Cst \ N 9

which yields -2 . 75 f t/ s ec  for the di spersion velocity of Fig. 5.

The c ros s - r ange  impact dispersion CR. is approximately equal to the

product  of the t ra jectory deflection angle with the path length from the point

of t ra jectory deflection to impact. For a straight-line t ra jec tory  with con-

stant-path angle y, and wi th the net t r ansverse  velocity given by Eq. ( 23),

the cross- range dispersion is

V h  I p e h
_ _ _  

x_ o lCR~~ . = (27)u sin 
~ 

sin

where  h 1 is the altitude at which the net t ra jectory deflection occurs.  We

can obtain an approximate expression for h 1 from the observation that the

net  t r ansverse  ve locity increment is reached when the lift vector rotates

through the f i r s t  quarte r cycle for the negative precession case. From the

defini tion of the independent variable x , Eq. ( 16), and the negative preces-

sion ang le , M’_ (x ),  Eq. ( 19), the density p 1 at this altitude is

2 / 2
- I

P 1 = 2 (28)
U SX

8~

e r ’

x + 1
~f l (  

1
2 ~~~~~~~~~~~~~~ 1 (2 9)

-22-



Again , u sing the exponential atmosphere approximation, we obtain , for
h 1, in terms of an arbitrary entry altitude h , where the density is p

2 2
PrIt~

C
i - 1)

= h0 - HIn (30)
p C u Sxo N 8 st

which gives , for CR , the parametric relation

8 1K K 2 (x 2 _ i ) i s i n2 y
CR~~ ° h - I-TIn (31)mHx t ~ 4p H2CN Sx

~~

with x 1 defined by Eq. (29). The altitude h 1 is shown in Table 1 for a range

of K values and is relatively insensitive to K. Also shown is the c ros s - r ange

dispersion per unit angle of a ttack 9~~. Hence , the parametric dependence of
the cross- range dispersion is described to the first order by t’ e multiplier
of h 1 in Eq. (27).

Table 1. Al t i tude  of Trajectory Deflection

K h 1, kf t  CR/B , f t /rad

0.5  264 56.9

1.0 255 110

2. 0 245 212

4.0 234 403

8.0 221 763

-23-
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Aerodynamic damping was excluded from the equations of motion ,

Eqs. (2) and (3),  in the foregoing discussion. In Appendix B, it is shown

that damping is so small at the high altitudes where the trajectory deflection

occurs that it has a neglig ible effect on the di spersion.

-24-
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ill. SUMMARY AND CONCLUSIONS

A simple relation has been derived for the prediction of (ross-range

dispersion of a ballistic reentry vehicle that is caused by an ini tial ang ula r

misalignment between the vehicle axis of symmetry and the velocity vector at

entry. The dispersion is strongly dependent on the exoatmospheric attitude

and motion , which dete rmines the endoatmospheric l if t-vector precession
behavior . Symmetric conin g about the veloci ty vector  (positive precess ion )

results  in small dispersion relative to the initially nonprecess ing vehicle at
ang le of attack (which resul ts  in negative precession) .  Based on idealized
f i r s t - o r d e r  aerodynamics, dispersion is found to be relatively insensitive to
all aerodynamic coeff ic ients  except stat ic s tability. This resu l t s  because

the initial lift nonaveraging occurs at high altitude before the vehicle has ex-
pe rienced appreciable drag decelerati on and before aerod ynami c damping has
an appreciable influence on the ang le -o f -a t t ack  convergence.  Also , the l i f t

fo rce  c o e f f i c i e n t , which determines  the lateral  accelerat ion for a given ang le

of attack , influences the rate of angle-of-attack convergence for a given
static margin , and there is a compensating effect in the lift nonaverag ing
process that minimizes the influence of thi s parameter on dispersion. Other

s igni f icant  r e su l t s  of the analysis  are as follows:

I. Trajectory deflection occurs in a plane that leads the
p lane of the init ial  angular  misal ignment  by approximately
90 deg.

2. Dispersion is approximately pr oportional to ro ll r ate in
contrast  to lift nonaveraging dispersion from bod y-fixed
configurational asymmetries, which is inversely pro-
porti onal to roll rate .

3 . Dispersion is essentially independent of vehicle mass
propert ies  with the exception of the radius of gyra t ion
in roll.

4. Dispersion is directly proport ional  to the angular
misalignment and inversely proport ional to static margin
and u sin y.
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APPENDIX A.  AVERAGE VALUE OF THE DISPERSION INTEGRA L

We wish to find the ave rage  value of the in tegra l

.
~~~~

= -i Kf ~~~~exp {iK ~I~~1 + x) - x + 1 - 1n2]}dx ( A - i )

as X becomes large.  Consider  f i r s t  the real p a r t  of ,~~and make the change

of var iable

y x -  1 (A- 2 )

such that

v = Re.~ = Kf ft  + y sin K~In  (i +~ ) - y]dY ( A - 3 )

We define the average value of v as occur r ing  where  v ” (y) = 0 , as

shown in Fig. A - I .  From Eq. ( A - 3 ) ,  v ’(y) is defined by

v ’(y) = f (y)  sin ‘4i (y) (A -4 )

and the average values of v(y) occur at y = y where

v ”(y ) = f ’( y ) sin 
~~~~~ 

+ 
~~~nH’ ‘~~ n~ 

cos 4i( y )  = 0

or

~~‘n~ ~‘‘(y)~~
tan 4”

~
’n~ 

= - 
f’(y~ ) (A-5)
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~~~~~~~~~

_ V
9~~~ 8

v(yI

Fig. A - I . Average Value of the Function v(y)
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With f(y) = K J I  + y) and ~~(y) = K[~i ( i  + - y] from Eq. (A-3) ,
Eq. (A-5)  becomes

- 2I / Y \  1 2 K ( 1 + y )
tan 

~~~~~ 
= tan K [tn  ~i + - Y y~j  = z + 

~
‘n 

(A-6)

For K sufficiently large , the right side of Eq. (A-6) is positive and
>> I such that the angles ~~( y )  must lie in the f i rs t  and fourth quadrants
near ± r /2

= - [2 n  ~~~~ + , n = 1, 2 , 3, ... ( A- i)

where is a small angle. Substitution of thi s value in Eq. ( A-6) and the use
of the identity for the tangent of a sum yie ld

2K( 1 + y ) 2
tan 4’(~~ ) = tan’

~ n 
= z + y

fl (A-8)

or , because ~i is small,

2 + y
tan~ L ~~~ = (A -9)n n Z K ( l + y ~ )

The values of the precession angle 4i (y~ ) where the average values of v
occur are then , from Eq. (A-7) ,

~~~~~ 
= K [~n( 1 +~~) - = 

{
~~n -  1)w ~~ 

2 : ( i + y~ )~ ] 
(A - t O )
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We can obtain approximate expressions for 4’
~~n~ 

and for y
~ 
by using

the series expansion for the In term

= 

4~ 

~~~~~~~Z 
( A - I l )

If the first average point occurs at sufficientl y small y 1, we can

approximate tn( 1 + y 1
/Z) by the first term of the series. With this approxima-

tion and neglecting ~~ relat ive to nr /2 for sufficiently large K , we obtain from

Eq. (A-tO)

= i n K  ( A-I l )

The net transverse velocity from Eq. (A -3)  with the f i r s t -order

approximation In ( 1  + y IZ)  y / 2  is

in/ 2

v(y 1) = Kf ~fTt + y sin (~~~~~) d y ~ -2f sin (~~~)d(!~~ = -2 (A- 13)

where we have neg lected y relative to unity in the square-root term. For

subsequent values of y~ suffi ciently small that the approximations that con-

tribute to the result of Eq. (A- 13) are valid , there would be no change in the

subsequent average values because

in( 2 n+ 1)—

~ y + 1 
= - f  2 sin (~~) d ( 1) = 0 (A-14)

n (2n- l )~
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It can be shown by a procedure similar to that described above that
the imaginary component of .øis zero for all sufficiently large K . Hence , the
average value of the integral .~~is -

.~‘ =~~~+ i ~~~= 2 ( A _ 15 )

which is independent of K for sufficientl y large K.
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APPENDIX B. EFFECT OF DAMPING ON DISPERSION

If aerodynamic damping is included in the equations of motion , Eqs. (2)

and (3) ,  we can write the damp ing moment derivatives M e and M~ in the form

MO M4, = -v (B - i )

where

- !~~~~~ _ (Cmq 
+ Cm&

)I ( B-2)

The inclusion of damping does not alter the quasi-steady approximation

for precession rates, Eqs. (8) and ( I I ) ,  but it does influence the angle-of-

attack convergence in the form (Ref. 3)

( 1 + ~) 114 exp(_b~ ) = x ~~~
2 exp[-b(x 2 - 1)] (B-3)

where

b - 

~~~~~ (
~~)] (B-4)

The dispersion integral . Eq. ( 22), then has the factor exp[-b(x 2 - 1)]

Included in the Integrand

.9 ~IK f I~~exp [-b(x 2 
- 1)] exp(i~~4’ (x)] dx (B-5)
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The damping is so small at the high altitudes where the net t ra jectory
deflection occurs  that the added term has a negligible effect  on the value

of the integral in Eq. (B-5) .  This becomes apparent if we change the
independent variable to y defined in Eq. (A-2 ) ,  which gives

.~~~ siK
f 

Ii + y exp[-by(y + 2)] exp[i’~i (y ) ]  dy (B - 6)

It was shown in Appendix A that , for sufficiently large K , the f i rs t
average of .11 occurs at y = y1, where y1 << 1. For example, from the
vehicle and trajectory parameters listed in Section II with C + C = -5 ,

the coefficient b is found to have the value b = 2. 05 X l0~~~. Tikus, th~ damping

term exp[-by(y + 2)] remains essentially unity over the integration limits and
would change insi gni fi can tly even for an order of magnitude increases in the
damping derivative C . Cm rn .

q
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NOMENCLATURE

CA aerod ynamic axial force  coefficient

CL ae rod ynamic lift force derivative

CN aerod ynamic normal force coefficient

CN aerod ynamic normal force derivative
0

CR cross- range  dispersion

d aerod ynamic reference diameter

h altitude

h entry altitude
0

altitude of t rajectory def lection

H scale height for exponential atmosphere

I pitch or yaw moment of inertia

I roll moment of inertiax
kx rad ius of gyra t ion  in roll

K ZHP ~‘i’ sin y

I characte ristic length , I/mx ~~
L lift  force

m vehicle mass

M pitch moment

Me pitch damping moment

M4, yaw damping moment

p roll rate

reduced roll rate , ~p/Z
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S aerodynamic reference area

t time

u vehicle velocity

u entry velocity

V dispersion velocity , v + iw

v, w components of V

x

xj value of x at trajectory deflection

x5t 
stati c margin

z altitude variable

y path angle

8 angle of attack (Euler angle)

80 
entry angle of attack

0 pitch rate

I.L I
~~/I
2 2

W / P

p atmospheric density

p reference value of atmospheric density

p 1 atmospheric density at trajectory deflection altitude

roll angle (Euler angle)

precession angle (Euler angle)

precession rate

41 + precession modes

w undamped natural pitch frequency
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THE IVA N A. GETTING LABORATORIES

The Laborato ry Oper ation , of The Aerospace Corporation is conducting
experimental and theoret ical invest igations necessary for the evaluati on and
application of scientific advance , to new military concepts and .y.tem.. Ver-

satility and flexibility have been developed to a high degree by the laboratory
per sonnel in dealing with the man y proble m. encountered in the nat ion ’, ra pidly
developing space and mls.ile systems. Exper tiie in the latest scientifi c devel-
opment. is vital to the accomplishment of task , related to thes, problems. The
laboratorie , that contribute to this research are:

Aer ophysics Laboratory : Launch and reentry aerodynamics , heat tr an s.
fer , reent ry physics, chemical kinetics , structural mechanics , flight dynamic..
atmosp heric pollution, and high-power ga. laser..

Chemistry and Physic. Laboratory : Atmospher ic reactions and atmos-
pheri c optic., chemi cal react ions In polluted atmosp here. , chemical reaction s
of excited species in rocket plume. , chemical thermod ynamic., plasma and
laser-induced reactions , laser chemistry, pr opulsion chemistry. spac. vacuum
and radiation effects on materials , lubrication and surface phenomena , photo-
sensitive materials and sensors , high preciaion laser rang ing, and the appli-
cation of physic. and ch.mistry to pro blem. of law enforcement and biomedicine.

Electronics Research Laboratory : Electromagnetic theory, devices , and
propag ation phenomsna , Includ ing plasma electromagnet ics; quantum electronics.
lsser s , and electro-opt ic.; communication sciences , applied electronics , semi-
conducting, superconducting, and cry .ta l device ph ysics , opti cal and acoustical
imaging; atmoapheri c pollution; millimeter wave and far-infrared technology .

Materials Sciences Laboratory : Development of new material.; metal
matrix composites and new forms of carbon; te.t and ev*lu&tion of graphite
and ceramics in reentry; spacecraft materials and electroni c component . in
nuclear weapon s environment ; application of fracture mechan ics to stress cor-
ros ion and fat igue-induced fractures in structural metals.

Space Scienees Laboratory: Abuosph. ric and ionospher ic pbyek s, rad ia-
tion from the atmo.pher ., deneity and composition of the aUnospb. re . aurora.
and airgiow ; magneto.pher l c physics , cosmic ray. , generation and propag at ion
of plasma waves in the magnetosphere; solar physics , stud ie, of solar magnet ic
fluids; space ast ronomy, x-ray astro nomy ; the effect s of nuclear exp losion s,
magnetic storm s, and solar activity oo th . earth’ s atmosphere . Iono.pheru , and
magneto.pher .; the effect. of optical, electromagneti c, and particulate radia-
tions in space on space system..

THE AEROSPACE CORPORATION
El Segundo, Cali fornia


